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Summary

The active thermal control system (ATCS) of theacexploration vehicle@rion) uses radiator
panels with fluid loops as the primary system feaeheat from spacecraft. The Lockheed Martin LM
baseline Orion ATCS uses eight-panel radiator cbaith silver Teflon coating (STC) for Internatidna
Space Station (ISS) missions, and uses seven-gatiator coated with AZ—93 white paint for lunar
missions. As an option to increase the radiatax aiieh minimal impact on other component locations
and interfaces, the reduced-curvature (RC) rad@iocept was introduced and investigated heréntor
thermal perspective. Each RC radiator panel hgsetéent more area than each Lockheed Martin (LM)
baseline radiator panel. The objective was to deter if the RC seven-panel radiator concept coaeld b
used in the ATCS for both ISS and lunar missiomse& radiator configurations—the LM baseline, an
RC seven-panel radiator with STC, and an RC seeselpadiator with AZ-93 coating—were
considered in the ATCS for ISS missions. Two raatiabnfigurations—the LM baseline and an RC
seven-panel radiator with AZ—93 coating were cogrgd in the ATCS for lunar missions. A
Simulink/MATLAB model of the ATCS was used to conpihe ATCS performance. Some major hot
phases on the thermal timeline were selected beca#usoncern about the large amount of water
sublimated for thermal topping. It was concludeat #in ATCS with an RC seven-panel radiator could be
used for both ISS and lunar missions, but with different coatings—STC for ISS missions and AZ-93
for lunar missions—to provide performance simitaot better than that of the LM baseline ATCS.

1.0 Introduction

The Orion project is under the Constellation Progfar the space exploration vision initiated by
President Bush in 2004. The Constellation Progsarasponsible for providing the elements that will
transport humans and cargo to both the Interndt®pace Station (ISS) and the Moon. These elements
are the crew exploration vehicl®rjon), the crew launch vehicle (Ares 1), the lunar aoef access
module (Altair), and the cargo launch vehicle (A¥®sOrion, with a crew of up to four astronauts, will
launch on Ares | and then use its main enginederiritself into a safe orbit to either dock witle iSS or
with Altair. For ISS missionrion will be responsible for separation, entry, descandl landing. For
lunar missionsQrion also will have to maintain itself in low lunar drlnd perform a trans-Earth
injection maneuver to return from the Mod@rion consists of the Launch Abort System(LAS), Crew
Module (CM), Service Module (SM), and Spacecrafapigr (SA). The CM is a capsule design that
provides the primary structure for crew supportpiporates the bulk of the avionics systems, and
provides the capability for entry and parachuteliag. The LAS will safely extract the CM from the
launch configuration in the event of an early lduabort. The SM is the structure on which the Cktge
and interfaces with Ares | launch vehicle. It vigérform in-space flight propulsion operations and/er
generation and provide the heat rejection forQhien active thermal control system (ATCS).
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This study focuses o@rion's ATCS. The purpose of the ATCS is to control thew environment
inside the CM, while maintaining the temperaturalbfivionics under their temperature limits. Aswh
in Figure 1, two CM fluid loops will pass throudietCM, take heat generated inside the CM and fibm a
electronics, then pass the heat to the SM fluighdoirrough two interface heat exchangers. On the CM
side, there will be a phase-change material (PCaé4t exchanger (HX) and a sublimator for thermal
topping during high heat load phases of the missibe PCM HX is used only for lunar missions arel th
sublimator is used for both ISS and lunar missidie SM fluid loops will carry the heat to the raigir
panels and radiate the heat to space.

Service
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Figure 1.—Active thermal control system for Orion. IFHX, interface heat exchanger.

The radiator panel has a thin surface with fluidrotels attached at its interior surface. The ioteri
surface is covered by multilayer insulation blaskdthe exterior surface is coated with material Haes
high emissivity. The fluid loop will come into theeader and split the flow through a number of cleénn
along the panel. For the two-loop (A and B) flownfiguration, the channel will flow alternately atpn
fluid loops A and B, and the flow condition in ttveo loops can be different.

The Lockheed Martin (LM) baseline design has amtemanel radiator with flow going through two
loops in series for ISS missions and a seven-paitor for lunar missions as shown in Figure Re T
coating on the radiator is different for ISS missicand lunar missions. The LM baseline ISS radiator
uses silver Teflon coating (STC) that has a solasogtivity and emissivity of 0.11 and 0.88,
respectively. For lunar missions, tleion radiator will use AZ-93, which has a solar abswifyt and
emissivity of 0.2 and 0.90, respectively.
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Figure 2.—Seven-panel radiator with two fluid loops.

The RC radiator concept is introduced in Referehead is shown in Figure 3. The major difference
between the LM baseline radiator and the RC radiatthat each RC radiator panel has 15 percené mor
area and a reduced curvature. Two coatings, STCAah®3, were considered for the RC radiator
concept. Three radiator configurations are evatudte 1SS missions: an LM baseline eight-panel
radiator with STC, an RC seven-panel radiator W&iC, and an RC seven-panel radiator with AZ—93
coating. Two radiator configurations are evaludmdthe lunar missions: an LM baseline seven-panel
radiator with AZ-93 coating and an RC seven-paadiator with AZ—93 coating. The performance of the
ATCS with RC radiator was evaluated for both IS8 limar missions and compared with that of the LM
baseline ATCS.
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A dynamic model of the ATCBuilt using SimulinkMATLAB was used to compute the performa.
The model includes all major components in the A: the cabin HXcold plates orthe CM and SM
sides, thenterface heat exchang, the regenerative HX, the PCM HX¥nd the radiator witlits fluid
loops on the SM side. Ehcontrol system alswas modeledo meet the thermal requirems for the
ATCS. The initial conditions and the ambient raidiatsink temperature for the radics must be
provided for the modeReference 2 descrit the model in detail.

The following sections descrillke ATCSthermal performance of each configuration for kthe ISS
and lunar missions and presém result. Then the conclusions are given.
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Figure 3.—Reduced-curvature (RC) radiator configuration
compared with a Lockheed Martin (LM) baseline (BL) radiator.

2.0. Thermal Performance of the Active Thermal Control System with a
Reduced-Curvature Radiator for International Space Station Missions

Each RC radiator panel has 15% more area than Mhédseline. TheLM baselineATCS for ISS
missions uses an eigpanel radiatc. The RC seven-panel radiator has the stoted areaas the LM
baseline eight-panel radiator. TRE seven-panel radiator concept was studviti two differentoptical
coatings. The study’s goals were determine if the seven-panel RC radiatould replace the LM
baseline eighpanel radiator desi, (1) providing similar performance, (2) allowingrgo to be installe
in the bay where the eighth panellocate, and (3) reducing the amount whter sublimeed and total
mass of the vehicléAn additional goal was to determincthe STC used for theM baselineradiator for
ISS missionscould be replaced witlAZ—93 coating (the same coating used fonar missions) to
simplify the desigrand qualification test articl.

Four major on-orbihot casesone ISS docked case on node 3, and twarbit-cold cases on the
thermal timeihe were selected for tfrstudy. The four hot cases were two lowarth orbit (LEO) af to
Sun, LEO nose forward, andeO tail nadir. The two cold cases were LBOse forwar and LEO aft to
Sun. Table 1 lists the thermbkta angl; altitude; attitude; pitch, yaw, and rahgle; ATCS heat load;
phase duration; anithe orbit time for each ca: The LEO aft to Sun case withpgawer load of 3728 V
and the docked case wehe dominanhot cases that required the most sublimatater usage

The ATCS performance resultswere computed usingNASA Glenn Research Cente
Simulink/MATLAB model withthe sinktemperature version 13 provided by LWable Il lists he results
for the three configurations.
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During the four hot on-orbit cases and the oned8&ed case in the thermal timeline, the ATCS total
water usages were

* LM eight-panel radiator with STC: 11.2 Ib (base}ine
* RC seven-panel radiator with STC: 1.7 Ib
* RC seven-panel radiator with AZ-93 coating: 20.0 Ib

For the cold cases, the RC radiator with STC ne¢aldve 2 to 3 percent more flow going through the
regenerative HX than for the LM baseline radiatokéep the system as warm as required.

It can be concluded that the ATCS with RC severepaadiator with STC would have better
performance than would the LM baseline ATCS and teas water would sublimate. However, the
ATCS with RC seven-panel radiator with AZ-93 cogtwwould sublimate more water than the LM
baseline ATCS would.

3.0 Thermal Performance of an Active Thermal Control System with a
Reduced-Curvature Radiator for Lunar Missions

The LM baseline ATCS for lunar missions uses a isganel radiator. The RC seven-panel radiator
has 15 percent more total radiator surface areatti@LM baseline seven-panel radiator since ed¢h R
radiator panel has 15% more area than the LM leeseli

A larger radiator area will increase heat rejectimi reduce the amount of water sublimated for the
hot case: when the heat load on the ATCS is highthe environment is hot. For cold cases when the
heat load is low and the environment is cold, egdaradiator area will make the system colder.sTlau
larger radiator area will result in increasing flbavthe regenerative HX, which is used to keepfitnd
temperature from going below a defined set poi?@fF. We needed to find out how much the amount
of sublimated water could be reduced and how cblkl system would get when all the control
requirements were met for the different configumagi.

The study’s goals for lunar missions were to deteenit the seven-panel RC radiator could replace
the LM seven-panel radiator with the same coathg-03). Seven hot cases and two cold cases on the
timeline were used. The hot cases were LEO aftuio, 8EO nose forward, LEO tail nadir, LEO nose
nadir, lower lunar orbit (LLO) aft to Sun, LLO nofmrward, and LLO nose nadir. The cold cases were
LLO aft to Sun and lunar transit aft to Sun. Théade of each case are listed in Table Ill, andrdmults
are listed in Table IV.

The PCM is planned to be used for lunar missiomg fon thermal topping. The wax in the PCM will
melt during hot operations and will freeze durimddcoperations. For the LLO nose-forward hot cése,
ATCS with the RC radiator sublimated slightly legster than did the LM baseline radiator. For otietr
cases, the ATCS with the RC radiator melted lessiw#he PCM than did the LM baseline, but no water
was sublimated in either configuration. In all cagbe ATCS with the RC radiator had more flow goin
through the regenerative HX because this radiaasmhore surface area, but it never reached 10@ipterc
flow to the regenerative HX. Overall, the ATCS WRIC seven-panel radiator had similar performance to
the LM baseline ATCS.

In conclusion, the ATCS with RC seven-panel radiatuld be used for both ISS and lunar missions,
but with two different coatings—STC for ISS misssoand AZ-93 for lunar missions—to minimize
water usage.
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4.0 Conclusions

The RC radiator concept was investigated for@hien ATCS. The thermal performance of the ATCS
with the RC radiator concept was computed and cosapaith the LM baseline design for both ISS and
lunar missions. It was concluded that, for ISS moiss, the ATCS with the RC seven-panel radiatohwit
STC performs better than the LM baseline and waoslel less water for sublimation; however, the ATCS
with the RC seven-panel radiator with AZ-93 coativguld sublimate twice as much water as the LM
baseline ATCS. For lunar missions, the ATCS with &¥en-panel radiator would have performance
similar to that of the LM baseline. Further studsee planned to validate the results presented drete
the ATCS performance on the entire timeline willdoenpared for each configuration.
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TABLE |.—CASE DESCRIPTIONS FOR INTERNATIONAL SPACETATION (ISS) MISSIONS

Cased B Altitude, | Attitude® | Pitch | Yaw | Roll [ ATC$load, Phase Orbit
km w duration, time,
hr hr
LEO AtS hot 75 230 AtS 5 -5 0 4683 1.27 1.485
LEO NF hot 75 230 NF 0 0 31b 4429 3.64 1.485
LEO TN hot 75 230 TN 0 0 27 4429 3.3 1.48p
LEO AtS hot 75 230 AtS 5 -5 0 3728 15.65 1.485
ISS node 3 docked 75 350 -20 -15 15 2329 5054 1.529
40 460 NF 0 0 31p 2406 1.5682
0 460 AtS 0 0 ( 1870 1.5632

8LEO, low Earth orbit; AtS, aft to Sun; NF, noseviard; TN, tail nadir.
BATCS, active thermal control system.

TABLE I.—ACTIVE THERMAL CONTROL SYSTEM (ATCS) PERBRMANCE FOR
INTERNATIONAL SPACE STATION (ISS) MISSIONS

Cased Lockheed Martin baseline Reduced-curvature seven-parjeReduced-curvature seven-panel
eight-panel radiator with radiator with STC radiator with AZ-93 coating
silver Teflon coating (STC)

ATCSwater Flow to ATCSwater Flow to ATCSwater Flow to

usage per orbit,| regenerative heqtisage per orbifregenerativéneat usage per orbif, regenerative

Ib exchanger Ib exchanger Ib heat exchangg¢r

LEO AtS hot 1.68 0 0.73 0 2.4 0
LEO NF hot 1.63 0 A4 0 5.1 0
LEO TN hot 2.6 0 .0 0 2.46 0
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LEO AtS hot 0 0 0 0 0.0 0
ISS node 3 docke 0 0 0 0 0 0
0 62 0 65 0 62
0 80 0 82 0 80
8_EO, low Earth orbit; AtS, aft to Sun; NF, noseviard; TN, tail nadir.
TABLE I1l.—CASE DESCRIPTIONS FOR LUNAR MISSIONS
Cased Beta | Altitude, | Attitude’ | Pitch Yaw | Roll | ATCS [ATCS’load| Orbit
angle km load, duration time,
w hr
LEO AtS hot 56 172 AtS 20 =20 0 4500 23 min 1.466
LEO NF hot 56 172 NF 0 0 315 4134 2.3 hn 1.4p6
LEO TN hot 56 172 TN 0 0 270 4244 45 min 1.466
LEO NN hot 56 172 NN 20 20 0 350(4 86 hr 1.466
90 400 AtS 0 0 0 1725 2.465
AtS 20 -20 0 2512 2.0
LLO AtS hot 0 90 AtS 5 -5 0 3799 83 hr 1.949
LLO NF hot 0 90 NF 0 0 180 3650 2 hr 1.949
LLO NN hot 0 75 NN -20 20 0 2571 161.67 h 1.92p

’LEO, low Earth orbit; AtS, aft to Sun; NF, noseviard; TN, tail nadir; NN, nose nadir; LLO, lowemar orbit; Lt, lunar

transit.

bATCS, active thermal control system.

FOR LUNAR MISSIONS

TABLE IV.—ACTIVE THERMAL CONTROL SYSTEM (ATCS) PERBRMANCE

Case$ Lockheed Martin baseline seven-panel radiafor Reduced-curvature seven-panel
with AZ-93 coating radiator with AZ-93 coating
ATCS water usage Water flow to ATCS water usag Water flow to
per orbit, regenerative heat per orbit, regenerative heat
Ib exchanger, Ib exchanger,
percent percent

LEO AtS hot 0 0 0 0
LEO NF hot 0 0 0 0
LEO TN hot 0 0 0 0
LEO NN hot 0 0 0 23
0 80 0 85
0 58 0 64
LLO AtS hot 0 0 0 32
LLO NF hot 2.33 0 1.56 20
LLO NN hot 0 50 0 60

’LEO, low Earth orbit; AtS, aft to Sun; NF, noseviard; TN, tail nadir; NN, nose nadir; LLO, lowemiar
orbit; Lt, lunar transit.



